Abstract-In this article, a novel compact reconfigurable antenna based on substrate integrated waveguide (SIW) technology is introduced. The geometry of the proposed antennas is symmetric with respect to the horizontal center line. The electrical shape of the antenna is composed of double H-plane SIW based horn antennas and radio frequency micro electro mechanical system (RF-MEMS) actuators. The RF-MEMS actuators are integrated in the planar structure of the antenna for reconfiguring the radiation pattern by adding nulls to the pattern. The proper activation/deactivation of the switches alters the modes distributed in the structure and changes the radiation pattern. When different combinations of switches are on or off, the radiation patterns have 2, 4, 6, 8, . . . nulls with nearly similar operating frequencies. The attained peak gain of the proposed antenna is higher than 5 dB at any point on the far field radiation pattern except at the null positions. The design procedure and closed form formulation are provided for analytical determination of the antenna parameters. Moreover, the designed antenna with an overall dimensions of only 63.6 × 50 mm 2 is fabricated and excited through standard SMA connector and compared with the simulated results. The measured results show that the antenna can clearly alters its beams using the switching components. The proposed antenna retains advantages of low cost, low cross-polarized radiation, and easy integration of configuration.
INTRODUCTION
Reconfigurable antennas can satisfy three groups of application requirements: resonant frequency [1] , polarization [2, 3] , and pattern reconfigurability [4] [5] [6] . The pattern reconfigurability is one of the most effective methods to improve the performance of a wireless communication system by minimizing interference between users and maximizing signal-to-noise ratio (SNR). In addition, controlling the directions of radiation beams or varying the beam shapes would enhance the performances in radar applications or network control flexibility in wireless communications. Saving energy by aiming signal to the intended users and improving security are other applications of pattern reconfigurable antennas. Consequently, development of reconfigurable pattern antennas with the potential of improving the overall system performances have become an intensive topic in the field of antennas [7] [8] [9] . However, conventional reconfigurable pattern antennas require expensive solid-state phase shifters with higher insertion losses as the frequencies increase. Therefore, they are not suitable for low-cost compact commercial applications. Furthermore, microstrip antennas suffer from low efficiency at higher frequencies due to severe power loss caused by conductors and dielectrics. So RF-MEMS actuators with novel SIW technology are good candidates to be replaced with solid phase shifters and microstrips, respectively. They provide advantages of fast actuation and integrated fabrication coupled with attractive options for low-cost high-frequency systems [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Reconfigurable RF-MEMS antennas were first introduced in 1998 by E. Brown and have been studied by several research groups with emphasizing in reconfigurability of aperture and microstrip antennas [12] [13] [14] . Also SIW possesses merits with respect to the conventional rectangular waveguide and has been widely implemented in microwave components and circuit designs [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] .
In this paper, a novel compact reconfigurable pattern antenna based on SIW technology and usage of integrated RF-MEMS switches is proposed. This antenna has the capacity of reconfiguring the radiation patterns by adding nulls without changing the geometrical parameters and devoid of any impedance matching circuitry. The design analysis is performed by using commercial software, which characterizes 3-D structures in order to determine the bandwidth and radiation pattern of the antenna.
SIW HORN ANTENNA DESIGN
One of the simplest and probably the most widely used microwave antennas is the horn [27] . The H-plane SIW based horn antenna has been introduced previously because of its compactness, high gain, planar geometry, and easy fabrication [28, 29] . In addition, horn antennas can be treated as aperture antennas. Therefore, designing reconfigurable antennas based on SIW technology and RF-MEMS switches are conceivable.
A desired radiation pattern can usually be achieved by an array of radiating elements in an electrical and geometrical arrangement. Specifically, the simplest way to control the characteristics of this radiation pattern is varying the separation and/or phase between the elements [27] . In this paper, a novel antenna constituting two Hplane SIW based horn antennas is proposed. A 3-D configuration of the proposed antenna is shown in Figure 1 . In this antenna, the combination of the electric and magnetic current elements at the apertures with different spacing can create different patterns. Therefore, The spacing between apertures determines the number of major lobs and nulls. The whole antenna was designed on a single Rogers 5880 substrate with a relative permittivity of 2.2 and a thickness of 1.6 mm. It has already been demonstrated that, if the leakage loss of the SIW is near to zero, SIW would act similar to a dielectric filled rectangular waveguide [15] . Therefore, in designing procedure, considering the role of SIW as a rectangular waveguide, makes the analysis of the structure easier than full wave analysis. Local coordinate systems (x , y , z ) and (x , y , z ) are considered at the locations of apertures 1 and 2, respectively. Considering the role of SIW as conventional dielectric-filled rectangular waveguide, the fields at the apertures of the horns can be obtained by treating the horns as radial waveguides [27] . The fields within the horns can be expressed in terms of cylindrical TE wave functions which include Hankel functions (TM waves are not supported by SIW structures). So the fields on the surface of the apertures are combination of the TE n0 modes. By simplifying Hankel function, the tangential fields at the first aperture of the horn are given as,
where η is the characteristic impedance of the substrate and W a 1(eff ) the effective width of SIW structure at aperture of the proposed antenna which is obtained by empirical Equation (2) [15] .
W , d, and S are center to center vias spacing, diameter of vias and the spacing between center to center adjacent vias, respectively [15] . The prime signs are used for indicating fields at the aperture of the horn. The necessity of the phase variation term is due to the cylindrical waves which are crossing through the flaring part. So the wave has travelled different distances from the apex (center of the coaxial excitation) to the aperture [27] . Hence, at any point on the aperture (x ), the phase of the field will not be the same as that at the origin. The difference in path of travel, is defined as ∆(x ). It can be shown that the phase variations of dominant TE 10 mode satisfies by the following quadratic expression,
where ρ is radial distance to the aperture of the horn (L = 2ρ ) which is equivalent to Equation (4).
ψ h and ρ h are angular and length of the flaring part of the H plane horn antenna. As the length of the flaring part increases, higher order modes are created. So phase variation should include higher order terms. However for simplicity, the impact of the higher order modes on phase variation can be neglected. To find the fields radiated by the horn, only the tangential components of the E-and H-fields over a closed surface at the aperture must be known. Considering closed surface coincide with an infinite plane passing through the mouth of the horn, surface equivalence theory can be applied to aperture of the proposed antenna [27] . Approximate equivalent currents are determined as,
The fields and equivalent currents on the second aperture are determined similar to first one by knowing W a 1(eff ) = W a 2(eff ) . Finally, the radiated field can be obtained by using magnetic and electric potential vectors [27] . Therefore total electric and magnetic radiated fields can be written in terms of cosine and sine Fresnel integrals,
where
EXCITATION OF THE PROPOSED ANTENNA
The proposed antenna has been excited through simple 50 ohm coaxial probe. In addition, impedance matching of different frequencies can be determined by the core length which pierced into the substrate. Moreover, flaring part and effective width of the waveguide part determine the operating frequencies.
The fundamental cut off frequency of the waveguide part can be derived from Equation (11) [30] .
where effective width of the SIW structure is obtained from empirical Equation (2) . In the waveguide, center to center vias spacing, diameter, and the distance between center to center adjacent vias are 10, 1, and 1.2 mm, respectively. So, first resonance of the antenna should occur after the fundamental cut off frequency 11.1 GHz.
As mentioned before, varying the separation between elements could create different patterns obtained by continuing the flaring part as a consequence of higher order modes excitation with their particular distribution in the structure. Different dimensions of the antenna are presented in Table 1 , with respect to the distribution of electric field. 
SIMULATION RESULTS
The satisfied resonances of the designed antenna depend on the feeding transition from coaxial to SIW structure. The simulated reflection coefficients are shown in Figure 2 according to different core lengths and dimensions presented in Table 1 . Additionally, 2-D gain patterns in both E-(yz) and H-(xz) planes are presented in Figure 3 according to different dimensions of the antenna and corresponding operating frequencies in Figure 2 . Due to the symmetric configuration of the antenna, consequently symmetric radiation pattern, only half of the patterns are displayed in each E and H planes. As shown in the Figure 3 , the peak gain of the antenna is higher than 5 dB and the nulls happen below −15 dB in each operating frequency. Furthermore, with respect to Figures 2 and 3 , the nulls of the radiation pattern should change when the length or operating frequency of the antenna increases. In this case some nulls are added to radiation pattern due to the excitation of the TE n0 modes. Distribution of this modes in the structure and corresponding 3-D total gain patterns are presented in Figure 4 . According to Figure 4 , if a higher order mode in contrast with one lower mode propagates in the structure, 4 nulls are added to the radiation pattern. but when the propagation of the higher order mode happens at the apertures of the antenna, 2 nulls are added to the radiation pattern. Furthermore, by attention to Equations (6) and (7), the proposed antenna has low cross-polarized radiation in both of the fundamental and higher order modes excitation, whereas most antennas exhibit high cross-polarized radiation at higher-order modes excitation. 
COMPARISON BETWEEN THE THEORETICAL AND SIMULATION RESULTS
Far field components of the designed antenna in terms of electric and magnetic fields include both of E θ , E φ and H θ , H φ . In the principal E-and H-planes (ϕ = π 2 , 0), the electric and magnetic fields only reduce to E θ , H φ and E φ , H θ , respectively. Considering Equation (6), comparison between simulation and theoretical results has been carried out based on normalized two-dimensional far-field E-plane amplitude patterns which are shown in Figure 5 . Solid and symbolic lines are obtained from simulation and the proposed method, respectively. The little differences between simulation and theoretical results are due to two reasons: first, assuming role of SIW as a rectangular waveguide, second, approximation of the phase variation for higher order modes should include higher terms instead of quadratic estimation. However, theoretical result can determine the position of the nulls exactly as same as simulation results which is the most important part in this antenna design.
RF-MEMS switches are used to switch the radiation pattern from one vein to another one. In continuity, combination of the switches with proposed antenna have been investigated.
RF-MEMS SWITCHES
A critical component of the reconfigurable antenna is the switch used to connect or disconnect elements of the antenna. The insertion loss and isolation of the switches dictate the performance of the antenna. RF-MEMS switches have shown good RF characteristics such as inherent wide bandwidth, low insertion loss, and high isolation, which can be used at both low and high frequency applications [11] . 3-D geometry of the reconfigurable pattern antenna is presented in Figure 6 . Structure of the antenna consists of horizontal slots and switches between them on top and bottom of the substrate. The width of the slots are 2.5 mm. Other dimensions are presented in Table 2 . The switches can be turned on/off in order to reconfigure the radiation properties by changing the effective electrical length. More specifically, position of the switches should be chosen carefully to couple weakly/strongly to other elements in OFF/ON state. The configuration of switches is shown in Figure 6 (b). Three switches are installed along the gap, one in the middle and two others between the vias and the middle one. The positions of the offset switches should be chosen based on current distribution corresponding to distribution of TE n0 modes in the structure in order to conduct maximum current to the next slot.
The spacing between the slots are chosen similar to Section 4 in order to cover the previous results. It is evident that for the similar operating frequencies, the spacing between the last apertures determines the maximum multiplicity of the nulls in the far field radiation pattern.
The simulated results of the reconfigurable antenna are presented in Figure 7 . Only four cases have been considered in reconfigurable antenna due to more switches requirement by increasing the length of the slots. Considering Figure 7 , negligible frequency and pattern deviation is introduced by using RF-MEMS switches. This deviation is due to open spaces between the slots. The results show that whole of the antenna can be fabricated on a single substrate to reconfigure pattern. It is obvious that if no needs to reconfigure pattern, satisfied radiation pattern can be obtained without using any switches.
EXPERIMENTAL RESULTS
Considering the characteristics of SIW structure, replacing the substrate of the proposed antenna with another one, only changes the operating frequencies as a result of altering in fundamental cut off frequency. Therefore, the pattern reconfigurable characteristic of the proposed antenna is not dependent on specific substrate. Hence, due to the availability of test equipments and inexpensive FR4 substrate, prototype was fabricated on FR4 substrate to validate the proposed antenna. Obviously, if operating frequencies are altered, the number of the nulls in the far field radiation pattern vary as presented in Figure 3 . The entire structure over FR4 substrate was simulated, fabricated, and measured. Available Radant MEMS SPST-RMSW100 packaged switches were used for achieving reconfigurability. The overall outer dimension of this switch is 1.5 mm × 1.5 mm × 0.25 mm with a gold base. Copper pads with dimensions similar to the size of the switch (1.5 mm × 1.5 mm) were etched on the slot. The RF-MEMS switches glued onto the copper pads and wire are bonded to the substrate (1 mil diameter aluminum wire). The source and drain terminals of the switch are wire bonded across the slot with two wire bonds each, and the gate terminal is wire bonded to the DC isolation layer [31] . After calibrating the network analyser, reflection coefficients of the proposed antenna were measured when different combinations of the switches were activated. Figure 8 shows the fabricated proposed antenna without implementation of switches on it. It should be noted that the device was made only for the research purposes and since we had access to limited number of RF-MEMS switches than actually were needed for the antenna, in each measurement, the same switches had to be used. In other words, for each measurement the available switches were placed across the slot, and to perform the next measurement, those switches were taken out and placed on different appropriate position. This multiple usage of the available switches would require several soldering so that the final fabricated prototype was not suitable for insertion in the paper. As a result, here the fabricated prototype, without the placement of the RF-MEMS switches, is presented. The simulated and measured reflection coefficients and radiation patterns are shown in Figure 9 . In the results of the measurements, the frequencies shift between the simulated and measured reflection coefficients are attributed to the fabrication accuracy, particularly to the substrate used in fabrication and precision of jointing used to join the feed and the antenna. However, measured and simulated results are in good agreement with each other which validate the simulation results.
CONCLUSION
A novel pattern reconfigurable antenna based on SIW technology and RF-MEMS switches has been proposed. Simulation results of the proposed antenna are compared with the theoretical and measured results which demonstrate the validation of the proposed antenna. The antenna can be fabricated on single substrate with satisfied pattern and frequency or with RF-MEMS switches for reconfigurable applications. The merits of the proposed antenna are: compatibility with PCB structure, single excitation, low profile, low cross polarization, high gain, compact form, capability of operating at different frequencies and reconfigurable radiation pattern by using RF-MEMS switches.
